Background Vasoactive drugs could alter the fluid restitution from the tissue and redistribute blood volume between the macrocirculation and microcirculation.
Methods and Results With bolus injections of vasoactive drugs in anesthetized rabbits, we measured the changes in blood and plasma density for the determination of the volume of restitution and redistribution. Epinephrine 3.5 ,ug/kg caused a fluid loss to the tissue, leading to a transient decrease in total blood volume by 2.30 mL/kg. Because of blood volume redistribution, the peak volume reduction was accompanied by a volume reduction of 0.81 mL/kg from the macrocirculation and 1.49 mL/kg from the microcirculation. Phenylephrine 70 .g/kg caused a peak reduction in total blood volume of 1.40 mbVkg (with 0.41 mL/kg from macrocirculation and 0.99 V asoactive drugs constrict or dilate blood vessels. The change in the microvascular pressure could alter the fluid being restored or filtered between the blood and tissue compartments and therefore change the total blood volume. Fluid restitution in response to vasoactive drugs has been assessed by measurement of the slow changes in organ weight1 '2 or altered radionuclide counts of specific organs.34 We sought to quantify the total contribution in fluid restitution from all organs using a density-measuring technique. The overall pressor effect of drugs on total blood volume has been studied by measurement of the blood volume transferred from the circulation to an extracorporeal reservoir.5,6 However, because fluid restitution is part of the blood volume transfer to the reservoir, restitution needs to be subtracted to quantify the actual blood volume shift for a more accurate assessment of the effect of drugs on the circulation.
The microcirculation is defined as the part of the circulation composed of microvessels with a diameter <200 ,um because of the presence of the Fahraeus effect.7'8 By this definition, the microvascular volume is comparable to the macrovascular volume. Recent microvascular measurements indicate that a significant shift of blood volume out of the microcirculation is produced by hemorrhage in the rat spinotrapezius mus-(0.97 mL/kg macro and 0.51 mL/kg micro), and isoproterenol 7 ,ug/kg by 2.07 mL/kg (0.68 mL/kg macro and 1.39 mL/kg micro). All plasma (or blood) density changes measured for the five drugs (with epinephrine, phenylephrine, and nitroprusside done over a wide dosage range) correlated linearly with the drug-induced changes in arterial pressures.
Conclusions These results indicate that vasoactive drugs alter total blood volume and the volume of microcirculation and macrocirculation. (Circulation. 1994;90:509-514.)
Key Words * blood volume * microcirculation . nitroglycerin * vasoconstriction * vasodilation cle9 or is activated by bilateral carotid sinus occlusion in the rat intestinal microvascular bed.10 Nitroprusside and nitroglycerin dilate the microcirculation of striated muscle in dorsal skin folds of hamsters during drug-induced hypotension."1 By measuring the changes in plasma and blood density with consideration of the Fahraeus effect, LaForte et a112 estimated, for anesthetized rabbits subjected to a 10% hemorrhage (or 7.1 mL/kg), that 5% of the blood volume (or 3.5 mL/kg) is shifted from microcirculation to macrocirculation, while 0.5% of the volume (or 0.4 mL/kg) is restored from the tissue. This indicates the importance of microvascular volume shift in minimizing the effect of hemorrhage on macrocirculation, since its volume is reduced by 3.2 mL/kg instead of 7.1 mL/kg. In this investigation, we used this density technique to quantify the volume of fluid restitution and blood volume redistribution produced by the intravenous bolus injections of epinephrine, phenylephrine, nitroprusside, nitroglycerin, and isoproterenol in anesthetized rabbits. Our objective is to assess the pressor effect of these drugs on the total blood volume, microvascular volume, and macrovascular volume for a better understanding of their roles in blood volume regulation.
Methods Surgery
The surgery and protocol, which followed the National Institutes of Health guidelines on animal experimentation, were approved by the Animal Research Committee at the University of Virginia. New Zealand White male rabbits weighing 2.7 to 3.4 kg were sedated with chlorpromazine (6.7 mg/kg IM) and anesthetized with sodium pentobarbital (20 mg/kg IV). Anesthesia was maintained with incremental sodium pentobarbital (1.5 mg/kg) every hour. After subcutane-ous infiltration with lidocaine 1%, the trachea, right common carotid, left femoral artery, and left jugular vein were isolated. A cannula was inserted through a tracheostomy, and the rabbit was allowed to ventilate spontaneously. A polyethylene cannula was inserted 5 cm into the carotid artery, and heparin (5000 U) was injected. The remaining isolated vessels were cannulated in a similar manner. The blood was withdrawn via the right common carotid artery by a roller pump (Masterflex) at a rate of 20 mL/min, passed through a density meter (DMA 602W, Parr), and returned to the rabbit via the left jugular cannula. Another jugular cannula was connected to a Statham pressure transducer and a femoral artery cannula to another transducer. The blood density, arterial pressure, and venous pressure were continuously recorded on a Hewlett Packard 7700 series monitor. From the latter two measurements, the mean arterial pressure (MAP) and mean venous pressure were calculated. The former was about 75 to 80 mm Hg, which, because of anesthesia, is lower than that of conscious rabbits. With a similar density meter, plasma density was measured discretely from centrifuged blood samples (1 mL) taken before the injection of the drug, during the peak blood density, and 3 minutes after.
Protocol
After a period of stabilization from instrumentation (approximately half an hour), we initiated the study on the effects of a bolus of a vasoactive drug on arterial pressure, blood density, and plasma density. A series of syringes was prepared, each containing 0.1 to 0.2 mL of saline and having one of the following dosages: epinephrine 3.5 ,ug/kg, nitroglycerin 7 ,ug/kg, phenylephrine 70 ,g/kg, sodium nitroprusside 7 gg/kg, or isoproterenol 7 ,ug/kg. The drug was injected via a needle inserted through a rubber cap to the midstream of the jugular venous cannula. In a random series, each injection was separated by 15 minutes to allow the blood density and arterial pressure to return to baseline. For a total blood volume of 200 mL, the lower density of injected saline decreased the blood density by 0.04 g/L and plasma density by 0 Two of these rabbits were also splenectomized, followed by the measurement of density changes due to bolus injections of epinephrine (3.5 jig/kg) and nitroprusside (7 ,ug/kg). For four other rabbits, phenylephrine (8 to 320 gg/kg) was injected to obtain its dose-response curve. Data Analysis Two-sided Student's t test was used to determine statistical significance for density and pressure changes. The mean change in plasma density for each drug was used to calculate the change in the total blood volume (/AVb) induced by fluid restitution from the preinjection time to the time around the peak MAP and blood density. The fluid restitution and a shift of blood volume from the low-hematocrit microcirculation can alter the arterial hematocrit. Once the change in arterial hematocrit is calculated from the mean changes in plasma and blood density, we then determine the change in microvascular volume AV,.i,,. In the "Appendix," we summarize the equa- redistributions were computed from a total blood volume of 71 mL/kg.14 Finally, the concurrent change in the macrovascular volume, AVmac, is identified as AVb-AVmic.
Results
Continuous tracings of blood density and arterial pressure changes after a 10-,ug bolus of epinephrine are shown in Fig 1. The arterial pressure increased over a period of 40 seconds to a peak value and then returned to the baseline value. There was initially a transient density decrease caused by the injection of the lowerdensity saline. This was followed by a maximum density peak reflecting the summation of fluid restitution and microvascular volume shift of the intact animal to epinephrine. The discrete measurements of plasma density had transient changes similar to those of blood density.
The peak changes in MAP, blood density, and plasma density resulting from injection of each vasoactive drug are shown in Table 1 to the observed dilation of arterioles, precapillaries, and venules of skin fold during the infusion of nitroprusside and nitroglycerin in hamsters.'1 Because of the microvascular dilation, the volume change of the macrocirculation is less than the volume change of the entire circulation. In contrast, the pulmonary intravascular volume in dogs has been found to decrease after a low-dose infusion of nitroglycerin. 4 Our results on the changes in the total blood volume suggest that if pulmonary blood volume is decreased, it is overwhelmed by the volume expansion in other organs such that the overall effect of nitroglycerin is an increase in total blood volume.
Our results indicate that epinephrine increases the peak MAP and peak cardiac output without significant change in the total peripheral resistance and venous pressure. The plasma density change relates almost linearly with the change in total blood volume (Equation 3). If the blood volume change is due to a change in transcapillary fluid flux but not an alteration in hydraulic conductance, then the Starling hypothesis and the correlation between the plasma density change and peak change in MAP indicate that the microcirculatory pressure is increased by epinephrine injection. Although epinephrine could induce different response in the preresistance and postresistance, the increase in MAP induced by epinephrine may be the primary factor producing the predicted overall increase in microcirculatory pressure. A similar implication applies to the vasoconstrictor phenylephrine. For the vasodilators nitroprusside, nitroglycerin, and isoproterenol, the decrease in MAP may be the factor producing a decrease in microcirculatory pressure and subsequently a reduction in fluid filtration to the tissue. If there is no change in the lymphatic flux, the total blood volume experiences an increase.
The plasma density change at about 1.5 minutes after the injection of epinephrine (3.5 ug/kg) indicates a decrease in total blood volume by 2.30 mL/kg. A constant transcapillary flux of about 1.5 to 3 mL/ (min. kg) during this period could produce the blood volume change. This large flux can be produced in view of the observations that (1) the normal lymphatic flow is about 0.05 to 0.1 mL/(min * kg), (2) the interstitial fluid pressure and lymphatic activity can increase the lymphatic flux by 10 to 50 times, (3) the transcapillary fluid flux at the arterial ends of the capillaries can be 10 times higher than the lymphatic flux, (4) the hydraulic conductances of various organs range from 0.1 to 1 mL/ (min * mm Hg* kg), and (5) the peak MAP (113 mm Hg) is 50% higher than the preinjection MAP (75 mm Hg). Similar consistency is obtained for the blood volume changes estimated for other vasoactive drugs.
For some organs, vasoconstrictors such as epinephrine produce vasodilation. However, our result of a net decrease in total microvascular volume suggests that vasoconstriction induced directly by epinephrine overwhelms these two vasodilation effects. The finding of a net increase in microvascular volume for nitroprusside, nitroglycerin, and isoproterenol may also imply that their vasodilation effect predominates.
The change in plasma density after the injection of epinephrine (Table 1 ) yields a 1% increase in the whole-body hematocrit (from 29.8% to 30.8% as calculated from Equation 1). Since the shift of blood volume from microcirculation to macrocirculation does not change the total blood volume and total red blood cell volume, the change in microvascular volume will not alter the whole-body hematocrit. The calculation from Table 1 , the whole-body hematocrit decreased by 0.6% to 0.9%, and the postinjection F,,n ratio differs from the preinjection ratio by a value <0.002.
The vasoactive drugs were injected randomly and after the pressure and blood density had returned to their control values to ensure that the measurements were independent. The independence is supported by the linear relation found between the pressure and density changes for all drugs combined and the consistency of the dose-response curves. The calculation of fluid restitution and microvascular volume shift from the density changes is based on three assumptions: (1) the density of restored fluid takes the density of lymphatic fluid from muscle bed, (2) the microvascular hematocrit changes in proportion to arterial hematocrit change, and (3) the contribution from the small rabbit spleen is negligible. The discussion given in Appendix A of Reference 13 calculations indicate that epinephrine increased the hematocrit, whereas isoproterenol decreased hematocrit. In two splenectomized rabbits, the peak variations in plasma and blood density after epinephrine or nitroprusside injection were not different from the control values. We conclude that the contribution of the rabbit spleen is negligible.
We have demonstrated that the correlation between the microvascular volume shift and the hemorrhaged volume is similar for anesthetized and conscious rabbits.14 Since the vasoactive drugs will have similar effects on blood pressure for anesthetized and conscious rabbits, it is likely that the effects of these drugs on the blood volume redistribution found here may be similar for the conscious rabbits. The present density protocol has the potential to study the response of vasoactive drugs in conscious rabbits.
Ogilvie and Zborowska-Sluis5 assessed the vascular capacitance of splenectomized dogs and observed that nitroglycerin and nitroprusside increase the "unstressed" vascular volume. The present study suggests that their baseline measurement corresponds to a volume expanded by the fluid restitution, which could alter their estimate of the unstressed vascular blood volume. The measurement of the transfer of blood volume out of the circulation caused by the infusion of epinephrine at 1.2 ,ug/(kg. min) indicates that the unstressed vascular volume is changed by 8.02 mL/kg.6 For a bolus injection of epinephrine at 3.5 jig/kg, we found that the peak reduction in total blood volume, which resulted from a negative fluid restitution, was 2.3 mL/kg. Although the experimental protocols to obtain these two volume changes are different, their comparable values indicate that fluid restitution needs to be measured and corrected for accurate assessment of vascular capacitance by the blood volume transfer technique.
The microvascular volume shift produced by the drug injections ranged from 30% to 70% of the peak changes in total blood volume ( Table 2 ). These results indicate that the microvascular volume shift is a significant part of the blood volume transferred from the circulation to the extracorporeal reservoir and that the microvascular compliance is an important component of the total vascular compliance.5'6 Assessment of the diameter changes of microvessels in the rat spinotrapezius muscle and intestine indicates that 57% to 80% of the microvascular volume shift originates from the venules.9,10 Accordingly, the venules could be the major contributor of the microvascular volume shift found by the present study.
In summary, blood and plasma density changes occur after intravenous administration of vasoactive drugs in anesthetized rabbits. Calculations from the blood and plasma density changes indicate that epinephrine and phenylephrine cause a transient loss of fluid from the blood compartment, leading to a reduction in total blood volume. (1) and (2) Hw=Ha-(Ha-Hmic)VmjVb Fluid is restored from the tissue because of drug injections. Let the volume expansion to the time of peak blood density be AVb and the fluid density be pf. If the density is different from the preinjection plasma density (pp), the fluid restitution changes it to pp', with the prime representing the time of peak blood density. The consideration of mass balance for this mixing process yields the following equation to calculate AVb from the change in plasma density: calculation. Fourth, the role of splanchnic beds, the negligible contribution from the small rabbit spleen, and the implication of tissue hematocrit measurement on the interrelation between microvascular volume shift and arterial hematocrit change are examined.
